The Sept Iles layered intrusion (Quebec, Canada; 564 Ma) is a large plutonic body with a diameter of 80 km and a thickness of 6 km made up from its base to top of a layered series with troctolite and gabbro, and an upper border series with anorthosite, capped by cupolas of A-type granite. Chilled margin compositions suggest a ferrobasaltic parental magma close to that of the Skaergaard intrusion, but much richer in iron and titanium. Samples from drill-cores and surface sampling of the 4·7 km thick layered series reveal a succession of massive troctolites and layered gabbros that contain 24 Fe^Ti oxide layers cm-to m-thick and many anorthositic autolithic blocks. The sequence of crystallization in the layered series is: plagioclase (An 72^34 ) and olivine (Fo 75^21 ) followed by magnetite and ilmenite, then Ca-rich pyroxene and finally apatite. An olivine gap is observed between Fo 66 and Fo 59 . The saturation of Fe^Ti oxides before Ca-rich pyroxene is interpreted to be the result of the high FeO t and TiO 2 contents and the low CaO content of the parental magma. Contamination by old continental crust has occurred during crystallization of the layered series, as indicated by Sr isotopic compositions ( 87 Sr/ 86 Sr 564 ¼ 0·70360^0·70497). The differentiation trend of the intrusion is interrupted by two large and many small reversals to more primitive compositions of cumulus phases, Cr content of magnetite and lower Sr isotope ratios. These reversals and the intermittent disappearance of some phases are interpreted as resulting from magma chamber replenishments by undifferentiated primitive basaltic magma and mixing with the resident magma.
I N T RO D UC T I O N
The Sept Iles layered intrusion (Quebec, Canada) is a circular plutonic body (in cross-section) some 80 km in diameter with an estimated volume of 20 000 km 3 (Loncarevic et al., 1990) . This huge magmatic event occurred during the later part of the Ediacaran Period (564 Ma, Higgins & van Breemen, 1998) and has significantly contributed to the evolution of the late Precambrian continental crust of Laurentia. It is the third largest layered intrusion in the world, after the Bushveld complex and the Dufek intrusion (Table 1 ). The Sept Iles intrusion is made up of a troctolitic and gabbroic layered series, an anorthositic upper border series and a broadly granitic upper series (Higgins, 2005) . According to Higgins & Doig (1986) , all parts of the intrusion are comagmatic and related by a process of fractional crystallization. Together with mafic dykes and the composite Pointe du Criade sill, the Sept Iles layered intrusion is part of the Sept Iles intrusive suite (Higgins, 2005) . The rocks of the Sept Iles layered series are dominated by plagioclase, olivine, Fe^Ti oxides, Ca-rich pyroxene and apatite, and thus have strong affinities with the ferrogabbros of the Skaergaard intrusion, the Kiglapait intrusion, and the main and upper zones of the Bushveld complex. In this study, we present a detailed petrological investigation of the 4·7 km thick layered series of the intrusion.
Large layered intrusions, such as the Bushveld complex, South Africa (Cawthorn et al., 1991; Mitchell et al., 1998; Kruger, 2005) or the Bjerkreim^Sokndal intrusion, Norway , are often characterized by frequent magma chamber replenishments during crystallization, whereas smaller magma bodies such as the Skaergaard intrusion, Greenland (McBirney, 1996) appear to result from the differentiation of a single batch of magma. A detailed study of mineral compositions in the Sept Iles intrusion should therefore contribute to a better understanding of the processes occurring during the filling of large magma chambers.
Preliminary studies of the composition of the chilled margin of the Sept Iles intrusion suggest a ferrobasaltic parent magma (Namur et al., 2007) . The sequence of crystallization of ferrobasalt has been investigated in several layered intrusions (e.g. Wager & Brown, 1968; Wiebe, 1988) . However, the timing of Fe^Ti oxide saturation is still debated (Juster et al., 1989; Toplis & Carroll, 1995; Jang et al., 2001; Thy et al., 2006 Thy et al., , 2009 . Additionally, the status of poikilitic Ca-rich pyroxene in the Skaergaard intrusion is not well understood (Holness et al., 2007a (Holness et al., , 2007b . A careful study of mineral modes, textures and compositions in the Sept Iles layered intrusion should contribute to a better understanding of the parameters controlling the relative order of mineral appearance during the crystallization of ferrobasalts.
The geochemical evolution of ferrobasalt magmas during differentiation is a controversial issue, mainly concerning the FeO t and SiO 2 contents of evolved residual liquids (Byerly et al., 1976; Byerly, 1980; Hunter & Sparks, 1987; Brooks & Nielsen, 1990; McBirney & Naslund, 1990; Morse, 1990; Toplis & Carroll, 1995; Thy et al., 2006 Thy et al., , 2009 . The most significant unsolved question is: 'Do ferrobasalts evolve to silica-rich A-type granite compositions or to Davies et al., 1980; Davies & Cawthorn, 1984; Kleeman & Twist, 1989; Walraven et al., 1990; Eales & Cawthorn, 1996; Lee, 1996. b Himmelberg & Ford, 1977; Beike & Rozgonyi, 1990; Brewer et al., 1996; Ferris et al., 1998. c Higgins & Doig, 1986; Loncarevic et al., 1990; Higgins & van Breemen, 1998; Higgins, 2005. d Paces & Miller, 1993; Miller & Ripley, 1996 . e Irvine, 1975; LeCheminant & Heaman, 1989; Day et al., 2008 . f DePaolo & Wasserburg, 1979 Irvine et al., 1983; Lee, 1996; McCallum, 1996; Meurer & Boudreau, 1996. g Bichan, 1970; Hamilton, 1977; Wilson, 1982 Wilson, , 1996 Wilson & Prendergast, 2001. h Lee, 1996; Mathison & Ahmat, 1996. i Morse, 1969; Morse et al., 1981; DePaolo, 1985; Nolan & Morse, 1986; Blundy, 1997. j Duchesne & Hertogen, 1988; Vander Auwera & Longhi, 1994; Schä rer et al., 1996; Wilson et al., 1996. k Wilson et al., 1983; Wilson & Sorensen, 1996. l Simmons et al., 1986; Wiebe, 1988; . m Hoover, 1989a Hirschmann, 1992; McBirney, 1996; Hirschmann et al., 1997; Nielsen, 2004 . n Van Schmus et al., 1982 Klewin, 1990. o Musset et al., 1988; Emeleus et al., 1996; Butcher et al., 1999. p Zhou et al., 2005 . q Amelin et al., 1994 Duchesne et al., 2006. iron-rich magmas through protracted fractional crystallization?' The Sept Iles layered intrusion has a large massif of A-type granite at the top of the intrusion. The association of A-type granites and igneous layered complexes has been described in many locations (Bonin, 2007) . However, except for the Bjerkreim^Sokndal layered intrusion (Duchesne & Wilmart, 1997) , large volumes of silicic material have never been described from ferrobasaltic layered intrusions. A detailed study of the Sept Iles liquid line of descent could thus be propitious to highlight the geochemical evolution of ferrobasalts during differentiation. The Sept Iles layered series is a potential economic resource for Fe, Ti, P and V. It contains 24 layers of practically pure Fe^Ti oxide up to 1m thick. A 200 m thick layer of apatite-rich gabbro (Critical Zone; Cimon, 1998) , in the upper part of the layered series, contains nelsonite layers (magnetite, ilmenite and apatite-rich rocks; Philpotts, 1967; Tollari et al., 2008) . The origin of Fe^Ti oxide-rich layers in layered intrusions has been intensively debated, mainly for the Bushveld complex (e.g. Cameron, 1980; Cawthorn & McCarthy, 1980; Kolker, 1982; McCarthy & Cawthorn, 1983; Klemm et al., 1985; Reynolds, 1985; Eales & Cawthorn, 1996; Cawthorn & Ashwal, 2009 ), but is still poorly understood.
In this study we present a detailed petrographical, mineralogical and geochemical characterization of the Sept Iles layered series based on 216 samples from two drillcores and surface exposures. New data on mineral and whole-rock compositions as well as Sr-isotopic compositions of plagioclase separates are reported. Our results contribute to a better understanding of the stratigraphy of the intrusion, which constrains the sequence of crystallization, and shed some light on the large-scale magma chamber processes occurring during crystallization of huge volumes of ferrobasaltic magma.
G E O L O G I C A L S E T T I N G Regional geology
The Sept Iles layered intrusion is located on the north shore of the St. Lawrence River, about 500 km NE of Quebec City. It is undeformed and unmetamorphosed and was intruded into high-grade gneisses of the allochthonous polycyclic belt of the Grenville geological province (tectonic events at 1090^980 Ma, affecting Paleo-to Mesoproterozoic lithologies; Davidson, 1984 Davidson, , 1995 Green et al., 1988; Rivers et al., 1989 Rivers et al., , 1993 Forsyth et al., 1994; Eaton et al., 1995) . The Sept Iles intrusion was originally dated at 540 AE10 Ma (Rb^Sr isochrons; Higgins & Doig, 1977 , 1981 ; a more precise age of 564 AE 4 Ma has subsequently been obtained by U^Pb on zircon (Higgins & van Breemen, 1998) . This age is contemporaneous with a widespread magmatic event dominated by basalts, alkaline plutons, kimberlites and carbonatites in eastern Laurentia (Doig & Barton, 1968; Doig, 1970; Kamo et al., 1989; Kumarapeli, 1993; Higgins & van Breemen, 1998) . This magmatic event has been attributed to the initiation of the St. Lawrence rift system and the opening of the Iapetus Ocean (Kumarapeli & Saull, 1966; Higgins & van Breemen, 1998) . The igneous activity in the Sept Iles area started with the eruption of flood basalts, and the Sept Iles intrusive suite was emplaced between the base of the lavas and the Grenville basement (Higgins, 2005) . Hill et al. (1992) suggested that this huge magmatic event was related to the activity of a mantle plume. However, we note that the Sept Iles complex is located on a major lithospheric discontinuity, not far from the Grenville Front, during a major ocean opening event, suggesting that it could also result from a lithospheric reorganization process. In either case, the Sr isotopic composition of the Sept Iles intrusion implies a mantle source (Higgins & Doig, 1981) .
The Sept Iles layered intrusion
The Sept Iles layered intrusion was first described as a Proterozoic massif-type anorthosite (Wynne-Edwards, 1972; Higgins & Doig, 1977 , 1981 because abundant anorthositic rocks crop out in the middle and upper parts of the intrusion. However, geophysical studies by Loncarevic et al. (1990) and mapping by Cimon (1998) have revealed a thick sequence of massive troctolites and layered gabbros in the lower part of the intrusion, indicating that Sept Iles would be better interpreted as a mafic layered intrusion (Higgins, 2005) .
The intrusion (Fig. 1 ) has a diameter of 80 km, a maximum thickness of c. 6 km and an estimated volume of c. 20 000 km 3 (Loncarevic et al., 1990) . Layering near the edge of the intrusion dips at 308, giving an overall shape like a dinner plate. Ninety per cent of its volume is hidden beneath the St. Lawrence River. Only the northern part of the intrusion crops out on the Sept Iles peninsula and on islands from the Sept Iles archipelago. However, thanks to the c. 308 dip of the rocks at the margin of the intrusion and the existence of two deep drill-cores (DC-8 and DC-9), a nearly complete stratigraphic section through the layered series is accessible. Five large arcuate magnetic anomalies are observed within the Sept Iles layered intrusion and are interpreted as resulting from the presence of thick Fe^Ti oxide-rich layers (Dion et al., 1998) .
The Sept Iles layered intrusion has been divided into three series: the layered series, the upper border series and the upper series (Cimon, 1998; Higgins, 2005) . The 4700 m thick layered series, which is the subject of this study, is made up of massive troctolites at the base followed by Fe^Ti oxide-rich troctolites and layered gabbros. The upper border series (less than 1000 m thick) is dominated by anorthosites with minor leucogabbros and Higgins & Doig (1986) , Cimon (1998) and Higgins (2005) with subdivision of the layered series into three megacyclic units (MCU). Inset map in the upper left corner shows the location of the map area in the southeastern part of Canada. Locations of surface samples and drill-cores DC-8 and DC-9 are indicated. (b) Schematic cross-section of the Sept Iles layered intrusion indicating the location of the drill-cores and the sections where surface samples were collected. LS, Layered series; UBS, Upper border series; US, Upper series. leucotroctolites that could have resulted from flotation of plagioclase to the top of the magma chamber (Higgins, 2005) . This upper border series contains many centimeterto decimeter-scale pods of granophyric material, mainly of syenitic and granitic composition. The upper series is made up of A-type granite with minor monzogabbro, monzosyenite, diorite and syenite (Higgins & Doig, 1986) . It probably represents less than 10% of the total intrusion and is found only as small separated cupolas.
A thin border of massive fine-grained gabbro is observed in the contact zone between the layered series and the country rocks. The most external part of this border zone commonly displays irregular pods and lenses of evolved material probably resulting from local partial melting of adjacent country rocks. Many centimeter-to meter-scale blocks of country rock are found in the border zone close to the contact ( Fig. 2a ). Fine-grained gabbros at the contact with the country rocks are traditionally interpreted as chilled margins, representing rapidly cooled magma against the cool country rocks (Wager & Brown, 1968; Hoover, 1989a; Naslund, 1989; Cawthorn, 1996) .
T H E S E P T I L E S L AY E R E D S E R I E S : F I E L D R E L AT I O N S H I P S
From the contact with the border zone to the central part of the layered series, four rock types have been recognized in the field: troctolite, Fe^Ti oxide-rich troctolite, gabbro and apatite-rich gabbro. Troctolite and Fe^Ti oxide-rich troctolite are coarse-grained massive rocks without prominent layering. Gabbroic rocks are finer-grained than troctolites and locally exhibit well-defined layering ( Fig. 2b and c) , which normally dips 15^308 towards the central part of the intrusion. Igneous layering displays a regular alternation of mafic and more felsic layers. Most layers are generally c. 10 cm thick but may range from a few centimeters to more than 1m. In most mafic layers, the proportion of plagioclase increases upwards, whereas the grain size of minerals decreases. The layering observed in the Sept Iles intrusion is typical of layered igneous complexes and similar features have been described from the Skaergaard intrusion (Wager & Brown, 1968; McBirney & Noyes, 1979; McBirney, 1996) , the Panzhihua intrusion (Zhou et al., 2005) and the Fedorivka intrusion (Duchesne et al., 2006) . However, it must be noted that layering in the Sept Iles intrusion is much less developed than that described for the Skaergaard intrusion.
In the Sept Iles layered series, Fe^Ti oxide mineralization is concentrated in tabular or lens-shaped massive ore bodies. The latter are frequently responsible for disturbed layering. Tabular ore bodies are represented by centimeterto meter-thick massive layers ( Fig. 2d) , with significant lateral extent. They are parallel to the general layering and show sharp lower contacts with the underlying rocks. Upper contacts are more diffuse.
Two 200 m thick layers of apatite-rich gabbro have been recognized in the layered series: one in the middle part and the other in the upper part. The lowermost level is made up of a relatively homogeneous leucocratic gabbro enriched in apatite ($5 wt %). The uppermost level is richer in apatite at its base (up to 30 wt %) and has been named the Critical Zone (Cimon, 1998) because of its potential economic value for phosphorus and titanium. The Critical Zone has a complicated succession in which leucocratic gabbros and Fe^Ti oxide-rich gabbros alternate stratigraphically. Meter-thick nelsonite layers are common in the Critical Zone (Tollari et al., 2008) .
Centimeter-to meter-scale angular to rounded anorthositic blocks, called autoliths, are abundant in some parts of the layered series and frequently deform the layering of the underlying rocks ( Fig. 2c and e ). The textures and the mineralogy of these autoliths are similar to those of anorthosite from the upper border series. Minerals produced by hydrothermal alteration (chlorite, serpentine and epidote) and porosity are found in these rocks. Higgins (2005) thus suggested that they represent blocks from the upper border series, altered by hydrothermal circulation and foundered in the partly solidified layered series. Sonnenthal & McBirney (1998) interpreted the autoliths of the Skaergaard intrusion in a similar way.
Fine-to medium-grained decimeter-to meter-scale mafic and felsic dykes commonly cut the layered series nearly perpendicularly to the layering (Fig. 2f) , with sharp contacts. Mafic dykes have textures ranging from porphyric to granular. In the upper part of the layered series, many dykes are composite with mingling relationships between a mafic border and a granitic core.
S A M P L I N G
Two hundred and sixteen samples were collected from the layered series with a constant spacing of 40 m ( Fig. 3 ). Most of the samples come from two drill-cores (DC-9, 105 samples; DC-8, 54 samples) drilled by Inco Inc., which were made available by the Ministe' re des Ressources Naturelles et de la Faune du Que¤ bec. The reference profile was completed by surface samples collected during the summers of 2005 and 2007 along two cross-sections (Lac Hall section, 33 samples; Rivie' re des Rapides section, 24 samples). The positions of the surface samples were precisely determined from global positioning system (GPS) coordinates and altimeter data ( Fig. 1 ). One sample (07-08) of country rock was collected at the northern contact of the intrusion. Four samples of fine-grained mafic rocks (05-45, 07-01, 07-48, 07-180) were collected from the Sept Iles border zone and dykes crosscutting the layered series. Their locations are indicated in Fig. 1 . The whole-rock compositions of these samples are reported here because, as explained below, they are good candidates to constrain the parental magma composition of the Sept Iles layered intrusion.
The lower part of the layered series does not crop out but is intersected by drill-core DC-9 ( Fig. 1b ). The lower contact with the country rocks has not been intersected. However, calculations taking into account the typical dip of rocks from the layered series and the length of the DC-9 core suggest that only a small thickness (less than 100 m) of the layered series is missing. The correlation between the two drill-cores is based on a 10 m thick layer of practically pure Fe^Ti oxides (M2; Fig. 3 ) located at c. 160 m in DC-9 and c. 1880 m in DC-8. This correlation was confirmed through comparison of mineral compositions. Because the top of the DC-8 bore-hole crops out along the Lac Hall section, correlation between DC-8 and surface samples was achieved by collecting a sample (LHS05-41) close to the top of DC-8 bore-hole. The correlation between the two field sections is based on mineral modes, mineral compositions and stratigraphic reconstruction.
The true stratigraphic position and the distance between samples has been corrected for the average local dip of the igneous layering, estimated at 308 south, drill-cores being vertical. Stratigraphic positions are reported in meters with the '0 meter' reference level chosen as the lowest sample containing apatite in the Critical Zone (Fig. 3 ). The stratigraphic section investigated in this study is thus 4759 m thick. The upper part of the layered series is located below the St. Lawrence River and it was impossible to estimate precisely the thickness of the missing stratigraphic section. However, it is probably less than 1000 m, because of the low dip of the rocks in the central part of the intrusion (less than 308).
S U B D I V I S I O N O F T H E L AY E R E D S E R I E S
One of the most remarkable features of the Sept Iles layered series is the presence of two apatite-rich levels, described by Cimon (1998) and clearly observable in the field (Fig. 1) . Where layer types are repeated stratigraphically, the classification of Irvine (1982) suggests subdividing intrusions into different units. The Sept Iles layered series was thus subdivided into three megacyclic units (MCU I, MCU II and MCU III; Figs 1 and 3). As detailed below, mineral compositions, whole-rock geochemistry and Sr isotopic ratios support this subdivision. Each of the first two megacyclic units is topped by a layer of apatite-bearing gabbro. MCU I and MCU II are 1785 m thick and 2553 m thick respectively. MCU III is at least 396 m thick. The upper contact of MCU III is located below the St. Lawrence River and was thus not observed.
P E T RO G R A P H Y
Most of the Sept Iles layered series is made up of equi-to hetero-granular, and medium-to coarse-grained (0·12 5 mm) troctolite and gabbro. Layering is consistent with a cumulate origin of these rocks. Plagioclase, olivine, Ca-rich pyroxene, magnetite, ilmenite and apatite are the most abundant minerals, whereas inverted pigeonite, orthopyroxene, K-feldspar, quartz, biotite, amphibole and Fe^Cu^Ni sulfides (pyrite, chalcopyrite and pyrrhotite) are subordinate. Plagioclase is a ubiquitous phase with a grain size ranging from 0·1 to 20 mm, in sub-equant to strongly tabular subhedral to euhedral grains (Fig. 4a ). In the troctolites from the base of MCU I and the top of MCU III, plagioclase occurs as large grains, randomly oriented and commonly displaying normal or oscillatory zoning. In gabbros from the middle part of MCU I to the lower part of MCU III, plagioclase is unzoned and defines a strong magmatic lamination. Some grains contain abundant needle-shaped Fe^Ti oxide exsolution. Olivine appears as very large (up to 20 mm) subhedral ( Fig. 4b ) to locally poikilitic grains in troctolites. Contiguous grains commonly have 1208 triple junctions (Fig. 4c ). In gabbros, olivine has crystallized as small (0·2^4 mm) equant to slightly prismatic euhedral grains. When prismatic, olivine grains contribute to highlight the magmatic lamination. In samples containing abundant Ca-rich pyroxene, large grains of olivine are uncommon and much of the olivine is frequently represented by 50^200 mm thick coronitic textures around FeT i oxide grains. Calcium-rich pyroxene is represented by very large (5^25 mm) poikilitic grains with irregular shapes in troctolites ( Fig. 4d ). Oikocrysts enclose many laths of euhedral plagioclase, olivine and locally Fe^Ti oxide grains. The size of the chadacrysts increases towards the margin of the Ca-rich pyroxene grain. In gabbros, Ca-rich pyroxene has crystallized as smaller (up to 5 mm) subhedral to euhedral prismatic grains oriented along the magmatic lamination and frequently twinned ( Fig. 4e ). Ca-rich pyroxene contains oriented lamellae of Fe^Ti oxides and orthopyroxene probably resulting from exsolution (Hoover, 1989b; Morse & Ross, 2004) . The cores of Ca-rich pyroxenes also contain many small and regular plates of hematite (Schiller inclusions). Orthopyroxene was observed as coronitic rims around olivine ( Fig. 4c ) in a few troctolitic samples, as thin lamellae in Ca-rich pyroxene grains and as small anhedral grains. Inverted pigeonite forms subhedral to euhedral prismatic crystals in some rocks of the Critical Zone. Iron^titanium oxide minerals are represented by both the ilmenite^hematite and the magnetite^ulvo« spinel solid solutions. In troctolites, oxide minerals occur as small (5 1mm) patches of anhedral ilmenite with minor magnetite. In Fe^Ti oxide-rich rocks, these minerals crystallize as large grains up to 1cm, which are frequently polycrystalline and generally dominated by magnetite. Iron^titanium oxide aggregates show an anhedral texture probably resulting from sub-solidus grain boundary migration (Duchesne, 1999) . Euhedral Fe^Ti oxide grains have locally been observed as inclusions in silicate minerals. Many Fe^Ti oxide grains are rimmed by brown amphibole and biotite. Apatite is an accessory phase in most of the layered series, where it crystallizes as small (c. 50 mm) needles located in the rim of silicate phases or in interstices between them. In two 200 m thick layers, apatite is found as euhedral millimeter-sized grains (Fig. 4f ).
L I T H O L O G I C A L S T R AT I G R A P H Y A N D M I N E R A L C O M P O S I T I O N
The Sept Iles stratigraphy has been investigated using a continuous series of samples from the two drill-cores (DC-8 and DC-9), the upper part of the Lac Hall section and the Rivie' re des Rapides section. Samples from the lower part of the Lac Hall section were not used as they come from a stratigraphic interval that is also intersected by DC-8.
The lower part of MCU I (from À4200 to À3600 m) is made up of plagioclase (c. 70 wt %) and olivine (20^30 wt %) cumulates, with minor Ca-rich pyroxene and Fe^Ti oxides (Figs 5a and 6; see Supplementary Dataset 1, available for downloading at http://www .petrology.oxfordjournals.org). Plagioclase and olivine are the cumulus phases (po-C cumulates; Irvine, 1982) and their mineral proportions closely mimic the cotectic proportions found in ferrobasaltic melting experiments (plagioclase 73%, olivine 27%) by Snyder et al. (1993) , Toplis & Carroll (1995) and Thy et al. (2006) . The modal proportions of Fe^Ti oxides increase progressively from À3600 to À3400 m reaching c. 15 wt % magnetite and c. 10 wt % ilmenite (pomi-C cumulates; Figs 5b and 6), whereas the modal proportion of Ca-rich pyroxene increases abruptly at À3500 m to reach values greater than 30 wt % (pomic-C cumulates; Figs 5c and 6). A similar proportion of Ca-rich pyroxene was found in experiments on ferrobasalts (clinopyroxene: 25^40%; Toplis & Carroll, 1995) . In the interval between À3000 and À2600 m, the modal proportion of olivine decreases considerably and is frequently less than 5 wt %, indicating an intercumulus status for olivine in this interval (pmic-C cumulates; Figs 5d and 6). Apatite is a cumulus phase in the upper 200 m of MCU I (pomica-C cumulates; Fig. 6 ). The base of MCU I is marked by a 60 m thick marginal reversal ( Fig. 7) in the composition of plagioclase (An 63^68 ; Table 2 ; Supplementary Dataset 2), olivine (Fo 68^72 ; Table 3 ; Supplementary Dataset 3) and Ca-rich pyroxene (Mg-number 76^79; Table 4 ; Supplementary Dataset 4). This up-section increase of An, Fo and cpx Mg-number is followed by a continuous decrease of these parameters to the top of MCU I, where they reach An 47 , Fo 55 and cpx Mg-number 68. The rate of decrease of An%, Fo% and cpx Mg-number % increases significantly in the upper part of MCU I. Orthopyroxene (Table 4 ; Supplementary Dataset 5) shows a compositional evolution similar to that of olivine and Ca-rich pyroxene. The concentrations of Sr and Ba in plagioclase are relatively constant in the first 1300 m of MCU I, before increasing significantly at the top of MCU I (Fig. 8 ). The Te content [tephroite; Te ¼100Mn/(Mg þ Fe þ Mn)] of olivine is constant until the last 300 m of MCU I, whereas the Jo content [johannsenite; Jo ¼100Mn/(Mg þ Fe þ Mn)] of Ca-rich pyroxene increases continuously throughout MCU I. The Cr content of magnetite increases from the base of MCU I to À3600 m, before dropping to below the detection limit at the top of MCU I (Table 5 ; Supplementary Dataset 6).
In MCU II, plagioclase has a high modal proportion, mainly between 40 and 50 wt %, and is always a cumulus phase (Fig. 6 ). The olivine mode displays large sample-to-sample variations. It is relatively high in the lower part of MCU II and then decreases upwards. A very low modal proportion of olivine is observed in two intervals, from À900 to À700 m and from À400 m to À50 m. Olivine is interpreted as an intercumulus phase in these two intervals. The modal proportion of Ca-rich pyroxene is highly variable in the first 1300 m of MCU II, where the status of this mineral alternates between being a cumulus and intercumulus phase on a scale of c. 100 m. The Ca-rich pyroxene mode then becomes more constant and relatively high (c. 30 wt %) until the top of MCU II. The mode of iron^titanium oxides also displays large variations from sample to sample in MCU II but, except in a few cases, their cumulative proportions are always higher than 10 wt %. Magnetite and ilmenite are thus considered as cumulus phases throughout MCU II. Cumulus apatite occurs in the last 200 m of MCU II (Critical Zone). MCU II starts with a rapid upwards increase in the An content of plagioclase (from An 47 to An 62 ), the Fo content of olivine (from Fo 55 to Fo 70 ) and the Mg-number of Ca-rich pyroxene (from 68 to 74; Fig. 7 ). Relatively constant compositions of plagioclase (c. An 62 ), olivine (c. Fo 70 ) and Ca-rich pyroxene (c. Mg-number 72) are then observed until À1045 m. In detail, this latter 1300 m thick stratigraphic interval is characterized by many significant reversals occurring on a scale of 25^120 m and in the range of 1^4% An, 1^3% Fo and 1^3% cpx Mg-number. From À1045 to À680 m, An%, Fo% and cpx Mg-number decrease continuously from An 62 to An 54 , Fo 70 to Fo 62 and 74 to 72 before displaying a significant reversal up to An 58 , Fo 67 and 75 at À590 m. The compositions of plagioclase, olivine and Ca-rich pyroxene then rapidly evolve to An 34 , Fo 21 and cpx Mg-number 55 at the top of MCU II. Orthopyroxene was observed only as subordinate intercumulus grains and displays a compositional evolution similar to the other ferro-magnesian silicates. Potassic feldspar is a subordinate phase in the upper part of MCU II and its orthoclase content increases upwards from 62 to 89 (Table 6 ). Minor and trace elements in plagioclase (Sr, Ba), olivine (Mn: Te%) and Ca-rich pyroxene (Mn: Jo%) show evolutionary trends opposite to those of An%, Fo% and cpx Mg-number % (Fig. 8 ). They are relatively constant or slightly increase in the lower part of MCU II to À680 m before reversing to slightly lower concentrations (from À680 to À590 m). In the upper part of MCU II, their concentrations increase to reach the highest values of the layered series. In MCU II, the Cr content of magnetite displays a complex succession of small cycles occurring on a scale of 200^400 m. Each cycle starts with an increase in the magnetite Cr content, reaching concentrations higher than 1000 ppm, and is followed by an abrupt decrease to less than 100 ppm. In the last 300 m of MCU II, cyclicity ends and the magnetite Cr content drops below the detection limit.
In MCU III, Ca-rich pyroxene becomes a minor component and thus the cumulates are made up of Fe^Ti oxide-rich troctolite and troctolite similar to those observed at the base of MCU I (Fig. 6 ). Throughout MCU III, the compositions of the silicate minerals show a significant progressive reversal to An 70 , Fo 70 and cpx Mg-number 73 (Fig. 7) . The magnetite Cr content increases to 29^000 ppm, whereas the minor and trace element concentrations of plagioclase, olivine and Ca-rich pyroxene decrease continuously throughout MCU III (Fig. 8) .
The major element compositions of magnetite and ilmenite do not display any systematic variation with stratigraphy, except for the MgO content of ilmenite, which decreases upwards in each MCU (Table 7) . The TiO 2 content of magnetite ranges from 4·78 to 16·48 wt %, corresponding to recalculated ulvo« spinel contents from 0·14 to 0·49 (Table 5 ). Ilmenite displays ranges of MgO from 0·63 to 3·61wt % and Fe 2 O 3 from 3·89 to 8·89 wt %, corresponding to recalculated hematite proportions varying from 0·03 to 0·08. In most of the layered series, Fe^Ti oxide minerals occur as disseminated grains in a matrix of silicate minerals. However, they are locally concentrated in practically pure Fe^Ti oxide layers. Twenty-four Fe^Ti oxide layers have been recognized through careful examination of the drill-cores and surface samples. Most of them are centimeters to decimeters thick but two layers are thicker than 10 m ( Table 8 ). The 19 thicker layers are shown in Fig. 3 . In samples containing abundant Fe^Ti oxides, these minerals re-equilibrate strongly with the ferromagnesian minerals, mainly olivine, which become richer in MgO.
The stratigraphic position of autoliths (anorthosite blocks that have foundered into the crystal pile of the layered series) is shown in Fig. 6 . It is worth noting that autoliths are absent in the first 900 m of the layered series and are uncommon in the uppermost 700 m. Furthermore, autoliths are observed only above the stratigraphic level at which Fe^Ti oxides are cumulus phases (Fig. 6 ).
W H O L E -RO C K C O M P O S I T I O N S
Sept Iles whole-rock samples are fresh when observed under the microscope and as indicated by their low loss-on-ignition (LOI) values (Supplementary Dataset 7). They display large variations in modal mineralogy ( Fig. 6 ), which are reflected in their whole-rock compositions. Modal mineralogy suggests a stratigraphic succession of different cumulus assemblages in the layered series. The average whole-rock compositions of these assemblages are given in Table 9 and represented in Fig. 9 . From po-C to pomica-C cumulate types, the increasing proportion of Fe^Ti oxides and Ca-rich pyroxene is underlined by an increase in the FeO t and TiO 2 whole-rock contents, and the decreasing proportion of plagioclase is reflected in the decreasing Al 2 O 3 and SiO 2 contents of the whole-rocks. The whole-rock MgO and Na 2 O contents decrease and increase respectively from po-C to pomica-C, probably reflecting the changing mineral compositions. CaO does not (Table 9 ) and in common mafic layered intrusions. However, in other intrusions, such as Skaergaard and Kiglapait, the evolved cumulate-rocks display a more important FeO t enrichment. The absence of strong FeO t enrichment in the Sept Iles gabbros probably results from the high Mg-number of the ferro-magnesian minerals, even in the evolved cumulates (pomica-C).
S T RO N T I U M I S O TO P E S
Sr-isotope ratios and Sr and Rb concentrations have been determined in 20 plagioclase separates and one sample of gneissic country rock. The data are presented in Supplementary Dataset 8. When calculated at 564 Ma, the 87 Sr/ 86 Sr ratios of plagioclase range from 0·70360 to 0·70497. The sample of gneissic country rock has a much higher ( 87 Sr/ 86 Sr) 564 of 0·77457. Figure 7 displays the stratigraphic evolution of (Sr i ) in plagioclase separates from the layered series. It is worth noting that this evolution is strongly anti-correlated with the evolution of An%, Fo% and cpx Mg-number (not shown). Contamination of mantle-derived magmas by mixing with crustal material is expected to change the isotopic composition of magmas to higher values of ( 87 Sr/ 86 Sr) i (DePaolo & Wasserburg, 1979; DePaolo, 1981) . DePaolo (1981) indicated that an increase of ( 87 Sr/ 86 Sr) in the resident chamber magma depends on many parameters, including the volume of the resident magma, the volume of the contaminant magma and the degree of differentiation. In the Sept Iles layered series, ( 87 Sr/ 86 Sr) 564 increases upwards in each MCU, with the highest values observed at the top of MCU I and in the middle and upper part of MCU II (Fig. 7) . Modelling taking into account the highest ( 87 Sr/ 86 Sr) 564 ratio of the layered series (0·70497) and the ( 87 Sr/ 86 Sr) 564 of the country rocks (0·77457) indicates that less than 2 vol. % assimilation of a country rock with this isotopic composition is required to explain the highest ( 87 Sr/ 86 Sr) 564 value observed at the top of MCU II. However, a lower value of ( 87 Sr/ 86 Sr) 564 was estimated for the Sept Iles country rocks by taking into account 
PA R E N TA L M AG M A C O M P O S I T I O N
The compositions of fine-grained mafic rocks from the chilled margin (Sept Iles border zone) are reported in Table 10 and have been considered as the potential parental magma for the intrusion. Major element geochemical modelling using MELTS (Ghiorso & Sack, 1995) and (Fig. 10a) , the Sept Iles primitive liquids show slightly fractionated REE patterns with weak negative Eu anomalies (Eu/Eu*: 0·88^0·95). In N-MORB-normalized trace element diagrams (Fig. 10b) , the Sept Iles liquids have trace element patterns that are moderately enriched compared with primary melts of the primitive mantle, with positive anomalies in Ba, Rb and K and negative anomalies in Nb, Ta, Sr, Zr and Hf. The enrichment in FeO t and to a lesser extent in TiO 2 in the Sept Iles primitive magmas is highly significant compared with other classical ferrobasaltic layered intrusions (Table 10 ) such as the Skaergaard intrusion (Hoover, 1989a; Toplis & Carroll, 1995) , the Ulvo« Gabbro (Larson et al., 2008) and the main and upper zones of the Bushveld complex (Tegner et al., 2006) . Enrichment in FeO t and TiO 2 could result either from the mantle source composition or from previous fractionation of silicate phases. Typical primitive mantle-derived basaltic magmas have FeO t contents between 7 and 10 wt % and TiO 2 contents between 0 and 1wt % (Green et al., 1979; McNeill & Danyushevsky, 1996; Falloon et al., 1999; Danyushevsky et al., 2003) ; however, fractional crystallization of silicate phases can also result in FeO t and TiO 2 enrichment of residual liquids (e.g. Juster et al., 1989; Snyder et al., 1993; Toplis & Carroll, 1995; Thy et al., 2006) . The Sept Iles magma most probably represents an evolved basalt resulting from a previous process of fractionation of a more primitive magma. High FeO t and TiO 2 basalts have also been observed in the Galapagos Spreading 
O R D E R O F M I N E R A L A P P E A R A N C E : G E O C H E M I C A L C O N S T R A I N T S
The stratigraphic variation of mineral modes in the Sept Iles layered series suggests that Fe^Ti oxides join the liquidus before Ca-rich pyroxene (Fig. 6 ). This order of mineral appearance is opposite to that observed in most basaltic and ferrobasaltic experimental investigations and in the stratigraphy of common mafic layered intrusions (Thy & Lofgren, 1994; Galapagos Spreading Center: Juster et al., 1989; McIntosh: Mathison & Hamlyn, 1987; Skaergaard: Hoover, 1989b; McBirney, 1989 McBirney, , 1996 Toplis & Carroll, 1995; Thy et al., 2006; Potato River: Klewin, 1990; Newark Island: Snyder et al., 1993; . As suggested by Means & Park (1994) and McBirney & Hunter (1995) , petrographic and modal criteria cannot be used unambiguously to constrain petrogenetic interpretations. We thus present a complementary approach to constrain the timing of Ca-rich pyroxene and Fe^Ti oxide crystallization by using geochemical variations in mineral compositions. Chromium is incompatible in the po-C plagioclase^olivine cumulates (D Plag=Liq Cr ¼0^0·02; D Ol=Liq Cr ¼ 0·6^1·8; Bougault & Hekinian, 1974; Hart & Dunn, 1993; Beattie, 1994; Bindeman et al., 1998; Aigner-Torres et al., 2007) but is highly compatible in the Fe^Ti oxides-bearing cumulates (pomi-C, pomic-C, pmic-C and pomica-C; D Mt=Liq Cr ¼ 50^230; D Ilm=Liq Cr ¼11^43; Leeman et al., 1978; Jensen et al., 1993; Klemme et al., 2006; Charlier et al., 2007) . Figure 11a is a close-up showing the evolution of the Cr content of magnetite within MCU I. From the base to the top, Cr first increases from 5600 to 12 300 ppm, before decreasing at À3680 m to concentrations below the detection limit. The upward increase of the Cr content of magnetite reflects an increase in the Cr content of the residual liquid as a result of silicate fractionation, suggesting that Fe^Ti oxides are interstitial phases. The decrease in the magnetite Cr content starts at the stratigraphic level at which Fe^Ti oxides become abundant, suggesting that these minerals join the liquidus in the main magma body at this level. The geochemical evolution of Cr in magnetite thus confirms the previously established po-C to pomi-C type subdivision of cumulates from the lower part of MCU I.
In the lower part of MCU I, Ca-rich pyroxene is a subordinate phase with a poikilitic habit. The intercumulus status of poikilitic Ca-rich pyroxene has long been accepted by igneous petrologists (e.g. McBirney, 1996; Wager & Brown, 1998) . However, this interpretation is now being re-examined in the Skaergaard intrusion. Indeed, recent studies by Holness et al. (2007a Holness et al. ( , 2007b suggested that poikilitic Ca-rich pyroxene could be a cumulus phase, at least in the upper part of the Skaergaard LZa. In the Sept Iles layered series, the Sr content of plagioclase from cumulates containing poikilitic Ca-rich pyroxene (po-C and pomi-C) does not display any significant variation (Fig. 11b ). This is easily explained by a D Bulk Sr close to unity, resulting from the high mode of plagioclase (c. 70 wt %), a value of D Plag=Liq Sr close to 1·5 (Bindeman (Beattie, 1994; Ewart & Griffin, 1994) . When Ca-rich pyroxene becomes tabular in habit (pomic-C), its mineral mode increases abruptly to 40 wt %. As a result of the low D Cpx=Liq Sr (c. 0·1; Hart & Dunn, 1993; Vannucci et al., 1998) , the crystallization of abundant Ca-rich pyroxenes substantially lowers the D Bulk Sr to a value close to 0·75, causing Sr to become incompatible. The Sr content of the residual liquid and plagioclase thus starts to increase with further differentiation. This change of Sr behaviour in plagioclase when Ca-rich pyroxene becomes tabular suggests that the appearance of this habit represents the timing of cumulus Ca-rich pyroxene crystallization, in perfect agreement with the pomi-C to pomic-C cumulate transition defined on the basis of mineral modes and textures.
Combined geochemical evolution of Cr in magnetite and Sr in plagioclase thus supports the petrographic hypothesis of early saturation of Fe^Ti oxides in the Sept Iles cumulates, before the appearance of cumulus Ca-rich pyroxene. The sequence of crystallization in the Sept Iles layered series is thus plagioclase and olivine, followed by Fe^Ti oxides, then Ca-rich pyroxene and finally apatite. In addition to petrographic constraints, the saturation of apatite is also geochemically illustrated by a marked jump in the whole-rock P 2 O 5 content in pomica-C cumulates (Fig. 9 ).
Early saturation of Fe^Ti oxides
The timing of Fe^Ti oxide saturation in the Sept Iles layered series can be compared with other well-studied ferrobasaltic and ferropicritic layered intrusions on the basis of the silicate phase compositional data (Table 11 ). The saturation of Fe^Ti oxides in mafic layered intrusions commonly occurs at an advanced stage of differentiation (ranging from F ¼ 64% in the upper and main zones of the Bushveld complex to F ¼10% in Kiglapait, where F is the fraction of remaining liquid). Except in the Panzhihua intrusion (China) and to a lesser extent in the Bushveld complex, the compositions of the silicate phases in equilibrium with the first liquidus Fe^Ti oxides are highly evolved in most layered intrusions (e.g. An 45^53 , Fo 55^56 , cpx Mg-number 64^75). In contrast to these intrusions, the silicate minerals in the Sept Iles layered series are relatively Table 9 : Average major (%) element composition and average mineral modes of the different cumulus assemblages in the Sept Iles layered series (XRF analyses) MCU:  I  I  I  I  I  II  II  II  II  III  III  III   Cumulate type:  po  pomi  pomic  pmic  pomica  pomi  pomic  pmic  pomica  po  pomi  pomic   n:  21  8  13  10  13  26  50  20  5  7  6  5 SiO primitive at the onset of Fe^Ti oxide saturation (An 61 , Fo 66 ). Apatite also crystallizes early in the Sept Iles layered series compared to other ferrobasaltic intrusions (Table 11 ). This behaviour is in agreement with the experimental data of Toplis et al. (1994) , indicating that crystallization of magnetite lowers the solubility of phosphorus in basaltic melts. The early saturation of Fe^Ti oxides in the Sept Iles magmas can result from three parameters: (1) the composition of the parental magma; (2) the fO 2 conditions; (3) the presence of volatiles in the magma. Toplis & Carroll (1995) have performed 1atm dry experiments on a Skaergaard-like composition (SC1: 13·1wt % FeO t , 2·9 wt % TiO 2 , 10·9 wt % CaO, 11·6 wt % normative wollastonite; Fig. 12a ), and Snyder et al. (1993) have made 1atm dry experiments on an evolved ferrobasalt related to the Newark Island intrusion (4^83C: 17·6 wt % FeO t , 3·8 wt % TiO 2 , 7·6 wt % CaO, 8·0 wt % normative wollastonite; Fig. 12b ). Plagioclase and olivine are the first liquidus phases in the two sets of experiments. In the experiments of Toplis & Carroll (1995) , Ca-rich pyroxene is the third crystallizing phase, with a liquidus temperature decreasing from 11408C at FMQ þ1 (where FMQ is the fayalite^magnetite^quartz buffer) to 11118C at FMQ À 2. Iron^titanium oxides are the last phases to appear. In contrast, in the experiments of Snyder et al. (1993) , the crystallization of Ca-rich pyroxene is delayed to lower temperatures (1082^10908C; FMQ À 3 to FMQ þ 0·5) and Fe^Ti oxides are liquidus phases before Ca-rich pyroxene. The experiments by Toplis & Carroll (1995) and Snyder et al. (1993) were carried out under similar conditions of pressure and fO 2 . The different sequences of crystallization are thus related to the composition of the starting material. The CaO/FeO t and CaO/TiO 2 ratios and the normative wollastonite content are higher in the starting composition of Toplis & Carroll (1995) than in the starting composition of Snyder et al. (1993) and are thus probably the most fundamental parameters controlling the relative crystallization of Ca-rich pyroxene and Fe^Ti oxides. The Sept Iles parental magma has a composition that is intermediate between SC1 and 4-83 C in terms of FeO t and TiO 2 contents, CaO/FeO t and CaO/TiO 2 ratios, and normative wollastonite. Its relatively low CaO content together with high FeO t and TiO 2 contents compared with SC1 could thus be the key parameter controlling the relative order of crystallization between Fe^Ti oxides and Ca-rich pyroxene.
Oxygen fugacity has a great influence on the stability of Fe^Ti oxides (Toplis & Carroll, 1995) . Under highly oxidized conditions (4FMQ þ 2), SC1 crystallizes magnetite early and probably before Ca-rich pyroxene (Fig. 12a) . In experiments on SC1, FMQ conditions are required for simultaneous crystallization of magnetite and ilmenite. However, this saturation of Fe^Ti oxides occurs well after that of Ca-rich pyroxene. In the Sept Iles layered series, the petrography indicates that magnetite and ilmenite appear simultaneously as cumulus phases. The experiments of Toplis & Carroll (1995) thus indicate that a relatively low FeO t and TiO 2 parent magma such as SC1 cannot produce the Sept Iles sequence of crystallization, even under highly oxidized conditions. Recent 1atm experiments have been performed by Botcharnikov et al. (2008) on a hydrous ferrobasalt similar to the SC1 composition of Toplis & Carroll (1995) . Water lowers the liquidus temperature of silicate phases, mainly plagioclase, which saturates after Ca-rich pyroxene at low water contents and after Ca-rich pyroxene and Fe^Ti oxides at high water contents (Fig. 12c ). Addition of water to a parent magma similar to SC1 thus means that the sequence of crystallization observed at Sept Iles cannot be reproduced. Examination of experimental phase equilibria thus indicates that neither highly oxidized conditions nor high H 2 O contents in the magma can result in the early saturation of Fe^Ti oxides from a relatively low FeO t and TiO 2 parental magma such as SC1. Combined high FeO t /CaO and TiO 2 /CaO and the low wollastonite content of the Sept Iles magma are thus the most convincing explanation for the early saturation of Fe^Ti oxides.
F I L L I N G O F T H E M AG M A C H A M B E R Compositional reversals across MCU
After normal differentiation trends in MCU I and MCU II, large up-section increases in An%, Fo%, cpx Mg-number and Cr Mt and decreases in ( 87 Sr/ 86 Sr) 564 are observed at the base of MCU II and MCU III (Fig. 7) . Cumulus apatite and Ca-rich pyroxene disappear temporarily at these stratigraphic levels. Cumulus Fe^Ti oxides also disappear at the base of MCU III. Mineral compositions at the top of MCU I (An 51 , Fo 55 , cpx Mg-number 69) and MCU II (An 34 , Fo 21 , cpx Mg-number 55) are relatively primitive compared with the most evolved minerals Liquidus temperature at FMQ determined using MELTS (Ghiorso & Sack, 1995) for Sept Iles samples and data from Toplis & Carroll (1995) and Snyder et al. (1993) for SC1 and 4-83C.
2 Ln fO 2 calculated following O'Neill (1987) at the liquidus temperature and FMQ conditions. 3 Plagioclase and olivine compositions predicted by MELTS at the liquidus temperature and FMQ conditions. 4 Estimation of the K d (Mg-Fe) between liquids and the most primitive olivine of MCU I (Fo 72·2). Calculations following the equations of Toplis (2005) with FeO/Fe 2 O 3 ratios of liquids calculated following Kress & Carmichael (1991 (Wilson & Sorensen, 1996) . The basal reversal within MCU III reaches mineral compositions with An%, Fo% and cpx Mg-number similar to those observed at the base of MCU I. In contrast, minerals from the basal reversal of MCU II do not reach such primitive compositions. This dissimilarity indicates that the hybrid magma that crystallized MCU III was more primitive than that forming MCU II. The most evolved minerals from the Sept Iles layered series are observed at the top of MCU II, suggesting that MCU II has probably experienced a longer differentiation interval than MCU I before magma replenishment. It can thus be inferred that the proportion of residual liquid left at the top of MCU II was low. Volcanic eruptions could also have contributed to lower the proportion of residual magma at the top of MCU II. Consequently, when replenishment occurred at the base of MCU III, the low proportion of resident magma residual from MCU II was mixed with the primitive replenishing magma and the hybrid magma crystallized minerals with high An%, Fo% and cpx Mg-number. In contrast, the replenishing magma at the base of MCU II was mixed with a higher proportion of resident magma residual from MCU I and thus crystallized less primitive minerals at the base of MCU II. The rapid and strong increase in ( 87 Sr/ 86 Sr) 564 at the end of the MCU II also indicates that the amount of residual magma was lower, the amount of crustal contamination increasing with the disappearance of the magma. Obviously, the relative proportions of injected and replenishing magma must have influenced the composition of the hybrid magmas that crystallized MCU II and MCU III.
Compositional reversals inside MCU
Small progressive reversals to more primitive mineral compositions (c. 1^4% An, c. 3% Fo and cpx Mg-number, c. 500-4000 ppm Cr in magnetite) and intermittent disappearance of Ca-rich pyroxene are observed within the lower part of MCU II (from À2500 to À700 m), leading to the subdivision of MCU II into seven cyclic units (Fig. 13) , where pomi-C and pomic-C cumulates alternate. The vertical intervals through which reversals occur are frequently in the range between 20 and 100 m.
Sample-to-sample An, Fo and cpx Mg-number variation of 1^2% can be considered as lying within the inherent variation of the process of crystallization (Cawthorn & Ashwal, 2009 ). However, variations exceeding this value are considered as indicating perturbation in the crystallization process. Reversals cannot be explained by closedsystem crystal fractionation. Pressure and fO 2 variations, mixing between magma sheets in a stratified magma chamber or magma chamber replenishments are classically suggested to explain such compositional reversals and mineral disappearances.
During magma chamber replenishment, the injected magma can mix with the resident magma when there is a low-density contrast (Campbell & Turner, 1986 , 1989 or if there is a high injection rate . Mixing between primitive and resident magma is able to produce hybrid melts with increasingly higher Mg/Fe, Ca/ Na and Cr contents as injection occurs. Magma mixing can also force the hybrid melt to leave the cotectic curve where a cumulus phase was crystallizing. Magma chamber replenishments and magma mixing between primitive and resident magmas are thus able to explain the reversals A substantial decrease of the pressure during crystallization can change the location of the cotectic boundaries in basaltic systems, leading to the temporary disappearance of cumulus phases (Cameron, 1978 (Cameron, , 1980 Osborn, 1980) . Pressure decrease also causes the An content of plagioclase and the Mg-number of ferromagnesian minerals to increase (Osborn, 1980; Panjasawatwong et al., 1995) . However, Hatton (1984) indicated that a pressure decrease of at least 17 kbar is required to increase the Mg-number of ferromagnesian minerals by 3%. Such a large pressure variation is unrealistic in a subsurface layered intrusion such as Sept Iles.
Oxygen fugacity largely influences the composition of ferromagnesian minerals, as a result of its control on the redox state of the magma. Oxygen fugacity has, however, no influence on the Ca/Na partitioning between plagioclase and melt (Toplis & Carroll, 1995; Berndt et al., 2005; Feig et al., 2006) . Progressive increase of fO 2 during crystallization could thus explain the reversals observed in ferromagnesian minerals within MCU II but cannot explain the reversals observed in plagioclase composition. In addition, increasing fO 2 lowers the mineral/melt partition coefficient of multi-valence elements (Toplis & Corgne, 2002) . Chromium reversals at cycle boundaries cannot thus be achieved by fO 2 increase.
Intense convection in a stratified magma chamber can mix magmas from different compositional layers. Reversals in mineral composition can result from this magma mixing. Tegner et al. (2006) identified nine cyclic units in the upper and main zones of the Bushveld complex. The upper boundary of each cycle displays reversals in mineral composition and cumulus apatite disappearance. Tegner et al. (2006) interpreted these cycles as resulting from magma mixing between two magma layers in a stratified magma chamber. Before cumulus magnetite saturation, fractional crystallization increases the density of the residual melt and a stratified magma chamber can develop. When magnetite starts to crystallize, the melt density of the basal layer decreases. When the density becomes equal to that of the overlying layer, magmas from the two layers can mix by breakdown of the diffusive boundary (Tegner et al., 2006) . Cyclic units in the Sept Iles MCU II are remarkably similar to those of the Bushveld upper and main zones. However, in the Sept Iles layered series, Fe^Ti oxides are cumulus phases before the first reversal within MCU II. Reversals thus do not correlate with the appearance of a new cumulus phase, suggesting that no significant change in melt density is expected at the onset of the reversals. Mixing between zoned magma sheets is thus unlikely to explain the cyclic units of Sept Iles MCU II. 
C O N C L U S I O N S
Modes and compositions of plagioclase, olivine, Ca-rich pyroxene and magnetite, as well as the Sr-isotope compositions of plagioclase separates and whole-rock data from the Sept Iles layered series allow us to reach the following conclusions.
(1) The Sept Iles layered intrusion crystallized from a ferrobasaltic parent magma. This magma was relatively close in composition to the parent magma of the Skaergaard intrusion (Hoover, 1989a; Toplis & Carroll, 1995; Nielsen, 2004; Thy et al., 2006) and typical ferrobasaltic lavas (Carmichael, 1964; Stout & Nicholls, 1977; Turner et al., 1992; Geist et al., 1995; Whitaker et al., 2008) , except that it is much more enriched in FeO t (c. 15 wt %) and TiO 2 (c. 3 wt %). The sequence of crystallization in the Sept Iles layered series is: plagioclase and olivine, followed by magnetite and ilmenite, then Ca-rich pyroxene and finally apatite. Examination of phase equilibria in ferrobasalt systems Toplis & Carroll, 1995; Botcharnikov et al., 2008) suggests that this sequence of crystallization is controlled by the parental magma composition, particularly its high FeO t and TiO 2 contents and its low CaO content, which are responsible for the early saturation of FeT i oxides, before that of Ca-rich pyroxene.
(2) Mineral modes display cyclicity in the layered series;
this is particularly well illustrated by the presence of two apatite-rich layers, one in the middle and the other in the upper part of the layered series. Three megacyclic units (MCU) have thus been identified in the layered series. Each MCU shows the same succession of cumulus assemblages. (3) MCU I displays a normal and uninterrupted differentiation trend of mineral evolution similar to that observed in smaller layered mafic igneous complexes, such as Skaergaard (McBirney, 1996) and Kiglapait (Morse, 1969) . This differentiation trend is interrupted upwards by two large and many small reversals in mineral composition, resulting from magma chamber replenishment by undifferentiated primitive basaltic magma (Fig. 14) . Intense mixing between the newly injected and resident magma must have occurred to account for the gradual evolution of mineral compositions in reversals. Disappearance of apatite, Ca-rich pyroxene and locally Fe^Ti oxides is associated with these magma chamber replenishments. The most evolved mineral compositions of the Sept Iles layered series are observed at the top of MCU II. Open-system crystallization of MCU II and theoretical curve of mineral composition evolution. MCU II starts by mixing between the residual resident magma of MCU I and a newly injected magma (mixing zone). Six significant magma inputs have occurred during the crystallization of MCU II and led mineral to more primitive compositions. An arbitrary proportion of residual liquid left after the crystallization of MCU II isindicated, which is lower than that left behind after the crystallization of MCU I (more evolved mineral compositions are reached at the end of MCU II). (c) Crystallization of MCU III, which starts by mixing with the resident magma after crystallization of MCU II. Evolved mineral compositions within MCU III are located below the St. Lawrence River and do not crop out.
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